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Abstract 

Background: Wheat straw used for bioethanol production varies in enzymatic digestibility according to chemical 
structure and composition of cell walls and tissues. In this work, the two biologically different wheat straw organs, 
leaves and stems, are described together with the effects of hydrothermal pretreatment on chemical composition, 
tissue structure, enzyme adhesion and digestion. To highlight the importance of inherent cell wall characteristics 
and the diverse effects of mechanical disruption and biochemical degradation, separate leaves and stems were 
pretreated on lab-scale and their tissue structures maintained mostly intact for image analysis. Finally, samples were 
enzymatically hydrolysed to correlate digestibility to chemical composition, removal of polymers, tissue composition 
and disruption, particle size and enzyme adhesion as a result of pretreatment and wax removal. For comparison, 
industrially pretreated wheat straw from Inbicon A/S was included in all the experiments. 

Results: Within the same range of pretreatment severities, industrial pretreatment resulted in most hemicellulose 
and epicuticular wax/cutin removal compared to lab-scale pretreated leaves and stems but also in most re- 
deposition of lignin on the surface. Tissues were furthermore degraded from tissues into individual cells while 
lab-scale pretreated samples were structurally almost intact. In both raw leaves and stems, endoglucanase and 
exoglucanase adhered most to parenchyma cells; after pretreatment, to epidermal cells in all the samples. Despite 
heavy tissue disruption, industrially pretreated samples were not as susceptible to enzymatic digestion as lab-scale 
pretreated leaves while lab-scale pretreated stems were the least digestible. 

Conclusions: Despite preferential enzyme adhesion to epidermal cells after hydrothermal pretreatment, our results 
suggest that the single most important factor determining wheat straw digestibility is the fraction of parenchyma 
cells rather than effective tissue disruption. 
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Background 

Increasingly expensive fossil fuels and environmentally 
perilous greenhouse gas emissions have initiated re- 
search in alternative and more sustainable energy 
sources. One alternative is hydrothermal and enzymatic 
degradation of wheat straw (Triticum aestivum L.) into 
fermentable sugars and subsequent conversion into 
bioethanol, ready for use in the transport sector. 
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Four main processes are involved in biochemical con- 
version of wheat straw into bioethanol: pretreatment, 
saccharification, fermentation and distillation [1,2]. Each 
stage has separate process parameters: 1) biological; 
choice of biomass and enzyme mix, 2) chemical; degree 
of polymerisation (DP), crystallinity and exposure of 
mainly cellulose, hemicellulose and lignin, 3) physico- 
chemical; solubilisation and transformation of polymers 
and 4) physical; moisture content, particle and pore size 
and specific surface area [3-6]. In theory, all of these pa- 
rameters may affect the digestibility of various organs 
and tissues differently within the same plant species. 
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The two main organs in wheat straw are leaves and 
stems both of which volume-wise primarily consist of pa- 
renchyma cells (see Figure 1). Parenchyma cells often have 
only primary walls and no lignified secondary wall thic- 
kenings [7]. In stems, parenchyma cells constitute the 
cortex and account for roughly half the tissue volume; in 
leaves, they constitute the mesophyll and vascular bundle 
sheaths [8]. In wheat, vascular bundles consist of xylem 
(tracheids) and phloem (sieve tube elements) and are sup- 
ported by sclerenchyma tissue (fibers) in stems. Tracheids 
and fibers both have thickened and often lignified second- 
ary walls. Dermal tissues (epidermis) envelop both leaves 
and stems and are covered by a cuticle consisting of cutin 
overlaid by wax deposits [7-12]. Inside the stem is the 
intermodal cavity (lacuna), sheathed by a thin modified 
layer of parenchyma cells called the pith cavity lining 
(PCL) [13]. Fibers, dermal tissues and silicates together 
provide rigidity and protection from degradation by 
weather conditions, water loss, microbes and insects 
etc. [14,15]. 

Investigations show that grass tissues vary significantly 
in digestibility [2,16-18]. Incubated with rumen cultures, 
parenchyma cells were the most digestible followed by 
phloem [1]. This was also observed in pretreated sec- 
tions of wheat stems using commercially available en- 
zymes [19]. Cellulose microfibrils are presumably more 
directly accessible to enzymatic attack in primary cell 
walls with little or no lignification. It can thus be specu- 
lated that a diminishing fraction of parenchyma cells is a 
contributing factor [19] to the steady decrease in glucan 
conversion rate as enzymatic hydrolysis progresses over 
time [20]. 

Disruption of tissue structures, decrease in polymers' 
DP and increase in the available surface area is supposed 
to enhance enzymatic digestibility [21] although the sig- 
nificance of particle size reduction is disputed [3,5]. In 
high solids processes though, effective liquefaction is ne- 
cessary and particle size reduction a prerequisite [22,23]. 



For lignin containing tissues, unproductive binding of 
enzymes to surface lignin is considered a limiting factor 
during hydrolysis although significant amounts of cellulo- 
lytic enzymes desorb when fresh substrate is added [24,25]. 
Particularly carbohydrate-binding modules (CBMs), found 
in many cellulolytic enzymes, attaching the enzyme to the 
lignocellulose surface [26] via hydrophobic interactions [27], 
have been suspected of contributing to unproductive bind- 
ing to lignin. Yet studies of cellulases from Trichoderma 
reesei have shown that endoglucanase (EG) II (Cel5A, family 
GH5), which has a more open catalytic domain (CD), 
adsorbed more readily to lignin than cellobiohydrolase 
(CBH) I (Cel7A, family GH7) even though the former had 
had its CBM removed [28,29]. Enzyme adsorption is com- 
plex and affected not only by the enzyme s mode of action 
and tertiary structure [30] but also by the substrate s chem- 
ical and physical dynamics during the degradation processes 
[31,32]. 

In this paper, the two biologically different wheat or- 
gans, leaves and stems, were separated and subjected to 
lab-scale hydrothermal pretreatment in a customised re- 
actor [19]. This allowed for the structural architecture of 
the tissues to be preserved and individually studied by 
image analysis. Afterwards, one set of pretreated samples 
was further dewaxed to investigate the effects of cutin 
and epicuticular waxes and on enzymatic hydrolysis. All 
samples were then enzymatically hydrolysed to compare 
their relative digestibility according to a number of pa- 
rameters, including chemical composition and removal 
of lignin, hemicellulose, cutin and epicuticular waxes, 
tissue composition and structural disruption, reduction 
in particle size and changes in enzyme adhesion. For the 
study of enzyme adhesion, cross sections of leaves and 
stems and samples of the three principal and distinctive 
cell types in wheat straw (fiber cells, epidermal cells and 
parenchyma cells) before and after pretreatment were 
incubated with a fluorescently labelled monocompo- 
nent endoglucanase and exoglucanase. For comparison, 
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industrially pretreated wheat straw from Inbicon A/S 
(http://www.inbicon.com) was included in all the ex- 
periments. The experimental setup is schematically 
presented in Figure 2. 

The aim was to study the effects of hydrothermal pre- 
treatment on enzyme adhesion and digestibility. This was 
done in order to highlight the relative importance of inher- 
ent cell wall characteristics and the diverse effects of mech- 
anical disruption and changes in chemical composition. 

Results and discussion 

Chemical composition 

In wheat, vascular and sclerenchyma tissues are most 
abundant in stems. These two tissues have more second- 
ary wall thickenings where xylan plays a crucial role [33] 
together with lignin [34]. This is reflected in the compos- 
ition analysis in Table 1 where raw stems had more lignin 
and xylan compared to leaves. After pretreatment, leaves 
had more lignin than stems. According to some studies, 
increasing amounts of lignin at increasing pretreatment 
severities is due to pseudo-lignin which consists of con- 
densation products of lignin and other compounds such 
as proteins, furfural and other extractives but is detected 
as lignin in the composition analysis. This phenome- 
non has been reported in fractionated poplar (Populus 
tremoloides Michx.) [35] and wheat straw [36] where the 
amounts of lignin were significantly increased after treat- 
ment. According to our composition analysis however, 
lignin contents in the solid fractions will arithmatically 



increase in any case as hemicellulose, salts, waxes, cutin 
etc. are removed during pretreatment. 

Leaves contained slightly more ash and significantly 
more residuals than stems. According to literature, min- 
erals in wheat straw are primarily silica (Si0 2 ) [14] while 
cutin and epicuticular waxes, together with proteins, 
pectins and lipids etc., account for most of the residuals 
[37]. None of the residuals were individually quantified 
in this study, though. Cutin and epicuticular waxes con- 
sist of hydroxylated and esterified aliphatic acids and 
long-chain fatty acids, respectively [10,37,38]. Therefore, 
the strong infrared (IR) absorption bands for leaves espe- 
cially at ca. 2915 and 2850 cm" 1 in Figure 3, representing 
aliphatic CH 2 groups [38], most likely originate from 
cutin and wax. Our IR analysis confirms earlier results, 
that the industrial pretreatment successfully removes 
surface wax [39] while lab-scale pretreatment is much 
less efficient. 

After pretreatment, stems contained more hemicellu- 
lose compared to leaves (Table 1). This was expected as 
stems have more secondary walled tissues with relatively 
large ratios of hemicellulose [33,34], which together with 
none the least lignin helps protect the cellulose [5,9]. 
Leaves had relatively more lignin, virtually no residuals 
and less hemicellulose and ash compared to stems. Lack 
of residuals in leaves (such as aliphatic compounds) is in 
poor accordance with the IR analysis but could be due 
to strong surface adhesion of those residuals not 
solubilised and washed away after pretreatment (see 
below). 
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Figure 2 Experimental setup. 
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Table 1 Chemical composition of raw and pretreated wheat leaves and stems 





Glucan 


Xylan 


Arabinan 


Galactan 


Lignin 


Ash 


Mass balance 


Raw 
















Leaves 


40.0 ± 0.8 


14.3 ±1.0 


2.9 ± 1 .0 


1 .3 ± 0.2 


18.4+ 1.0 


7.4 ± 0.0 


84.2 


Stems 


42.3 ±0.1 


20.1 ±0.7 


3.0 ± 0.0 


0.9 ± 0.0 


22.4 ± 2.5 


5.1 ±0.1 


93.8 


Pretreated 
















Leaves 


57.2 ±1.9 


1 1 .7 ± 0.3 


0.5 ± 0.0 


0.3 ± 0.0 


24.7 ± 0.7 


4.7 ± 0.8 


100.5 


Stems 


59.1 ±1.3 


14.4 ±0.8 


0.5 ±0.1 


0.1 ±0.0 


21.1 ±1.2 


1 .2 ± 0.2 


96.4 


Inbicon 3 


*56.4 ± 0.7 


*6.5 ± 0.5 


n.d. 


n.d. 


29.6 ± 0.5 


2.9 ± 0.2 


95.3 



Severity factor = 4.02. 

*Glucan/xylan content for Inbicon pretreated wheat straw at SF = 3.54 and 3.72 were 49.3/12.3 and 51.7/7.7, respectively. 
Values are averages in % ± stdev. (n = 3). 



Together with Table 1, the IR spectra confirm that in- 
dustrial pretreatment effectively removes hemicellulose 
but also increases the amount of surface lignin as 
witnessed by the aromatic skeletal vibrations around 
1510 cm' 1 and 1600 cm' 1 [40]. According to previous in- 
vestigations, lignin coverage partly shields the cellulose 
from enzymatic attack by physically blocking access 
[19,41,42]. On the other hand, extraction of lignin also 
results in increased access to otherwise sealed cellulose 
within the cell wall matrix, thus increasing digestibility 
[43-45]. 

Structural integrity 

On the scanning electron microscope (SEM) images of 
raw stems and leaves (Figure 4), the stem cavity and leaf 
appear brittle compared to the stem rind. On the atomic 
force microscope (AFM) images, the stem rind and leaf 
adaxial and abaxial side (indistinguishable, not shown) 
both had ridges of cutin and wax, c.f. with Figure 3A. 
We still believe that leaves, together with the stem ca- 
vities and cortices, must be significantly less recalcitrant 
than the stem rind as the cell walls in these tissues 
mainly consist of relatively accessible cellulose microfi- 
brils (see above). 

According to Figure 5, lab-scale pretreated leaves were 
more severely disrupted and had more visible debris 



compared to lab-scale pretreated stems (Bl and Al, re- 
spectively); AFM showed no distinct cellulosic features 
but rather a remaining layer of aliphatic wax/cutin, cf. 
with Figure 3B and Figure 4B2. The stems' cavity lining 
was also disrupted together with much of the exposed 
underlying cortex while the rind was structurally un- 
affected (rind not shown). As represented in Figure 5A2, 
stem cavities also had significant amounts of droplets on 
the cell wall surface which in previous studies have been 
interpreted as extracted and re-deposited lignin [39,41,45] 
while in Figure 5B2, the dominating feature on the leaves 
is interpreted as morphologically modified cutin and 
waxes (see Figure 3B). The tissue structures of whole 
wheat straw pretreated at Inbicon was completely 
disrupted (see Figure 5C1), exposing all cell types at ran- 
dom for enzymatic degradation. Contrary to the lab-scale 
samples that were kept static in blue cap bottles during 
pretreatment, industrial pretreatment involved mechanical 
mixing via a sluice system and screw press. Thus, industri- 
ally pretreated wheat straw was thoroughly disintegrated 
and the particle sizes virtually reduced to individual cells. 
The IR spectra i Figure 3 showed more lignin on the sur- 
face although this was not distinctly visible on the AFM 
images in Figure 5C2. 

Changes in cellulose crystallinity after pretreatment as a 
result of aggregation of cellulose fibrils and hemicellulose 
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Figure 4 SEM and AFM. SEM (1) and 2 urn AFM (2) images of raw wheat stems (A, cavity; B, rind) and leaves (C). On the AFM images, note the 
surface of microfibrils on the stem cavity and the lumpy ridges interpreted as cutin and epicuticular waxes partly on the stem rind and on the 
leaves. 



removal have been reported (see above). Visually, no clear 
change in cellulose fibril aggregation was observed, only 
deposition of lignin on the surface (Figure 5A2). Correla- 
tions between cell type and crystallinity in wheat straw 
specifically, have to the best of the authors' knowledge not 
been sufficiently elucidated. When addressed, the unspe- 
cific and general term Tiber' is often used for any plant 
cell. Two studies though, have investigated the crystallinity 
of raw Moso Bamboo (Phyllostachys adulis (Carr.) H. De 
Lehaie) and acid and alkaline sulphite pretreated Royal 
palm sheaths in relation to fiber and parenchyma cells 
[46,47]. In the former, crystallinity increased as the 
fiber fraction increased from the inner to the outer 
part and the parenchyma fraction decreased; in the 
latter, parenchyma cells had lower crystallinity indices 
than fibers as well as less lignin and hemicellulose. 
The studies concluded that their biomass material 
was anatomically differentiated and unevenly diges- 
tible. A third study investigated hydrothermally pretreated 
wheat straw under more or less the same conditions as 
this study and found no adverse effects on cellulose crys- 
tallinity [39]. However, the effect of cellulose crystallinity 
on enzymatic hydrolysis is disputed and some studies 
argue that the overall yield correlate significantly better 
with particle size [48] . 



A possible side effect of pretreatment is hornification. 
Whether partial lignin extraction and hemicellulose 
removal during pretreatment of wheat straw during 
hydrothermal pretreatment [39,41,45] followed by press- 
ing to increase dry matter (DM) content [49] has a nega- 
tive effect on enzymatic digestibility [50-52] could be 
speculated but are not quantified in this study. Pressing- 
induced hornification could reduce enzyme digestibility 
[53] but is negligible when solids content is only in- 
creased to ca. 40% [53], well above the DM content in 
our case (see below). 

Enzyme adhesion 

Enzyme- substrate interactions are determined not only 
by the chemical composition of the cell wall but to a 
large extend also by the specific architecture of the 
cell wall matrix [54]; within a given plant species, cell 
wall architecture varies between cell types and tissues 
and plant maturity. It is therefore likely that different 
cell types are differently affected during pretreatment 
and that the affinity of cellulolytic enzymes to the cell 
wall surfaces also changes. To study this, cross sec- 
tions of raw leaves and stems as well as pretreated 
samples were incubated with a monocomponent fluo- 
rescently labelled exoglucanase or endoglucanases and 
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Figure 5 SEM and AFM. SEM (1) and 2 urn 2 AFM (2) images of lab-scale pretreated stem (A) and leaves (B) and Inbicon (C) pretreated wheat 
straw. On the AFM images, microfibrils in the stem cavity are significantly covered in what is interpreted as lignin globules. 



imaged by confocal laser scanning microscope (CLSM). 
The two enzymes have the same type of CBM (CBM1) 
but different CDs; the exoglucanase (family GH7 from 
Hypocrea jecorina) has a tunnel-shaped active site re- 
gion within the CD [55], though still capable of some 
endo-acting activity [56,57], while the endoglucanase 
(family GH45 from Humicola insolens) has an active 
site within an open cleft of the CD [58]. 

In Figure 6 it should be stressed that the raw samples 
had been sectioned and the cell walls' cross-sections 
thereby exposed to enzymatic adhesion, a different con- 
dition compared to the cells in the pretreated samples 
where only the outer cell walls were exposed. This was 
because, as a result of the pretreatment, these samples 
had become too soft for sectioning which would other- 
wise severely disrupt them before the glass slide moun- 
ting. Additionally, the incubation temperature for both 
raw and pretreated samples was 4°C, another fun- 
damentally different condition than industrial in situ 
enzymatic hydrolysis where the temperature is signifi- 
cantly higher (see below). In this study however, we 
assumed the enzyme adhesion was not significantly 
influenced by the sectioning and incubation temp- 
erature and that the raw and pretreated samples were 
comparable. 



Images of the raw cross sections in Figure 6 show that 
endoglucanase barely adheres to epidermal cells in any 
of the two organs while both enzymes adhere most to 
parenchyma cells. Similarly, a study of dried corn stover 
stems found that tissues containing plant cells with only 
primary walls were highly accessible to cellulases while 
tissues with secondary walls were not [59]. However, 
after pretreatment both enzymes adhered extensively 
more to epidermal cells, especially in the industrially 
pretreated samples (see Figure 7). Epicuticular waxes 
have relatively low melting points, well below those ap- 
plied in our experiments [60,61], and an earlier study 
showed that industrial hydrothermal pretreatment partly 
removes waxes on wheat straw [39] and Figure 3 shows 
a decrease in cutin/wax after lab-scale pretreatment also. 
So, some degree of solubilisation, chemical modification 
or relocation must have taken place to cause this shift in 
enzyme adhesion. But, to the best of the authors' know- 
ledge, the exact effect of waxes on enzymatic hydrolysis 
has not yet been investigated. Although, according to 
studies on spruce and poplar foliage, tissue damage in- 
creases as epicuticular waxes are removed [62-64]. Con- 
sequently, wax removal should in theory increase the 
sugar yield although this was not the case according to 
our results (see below). 
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Endo- 
glucanase 



Exo- 
glucanase 



Low affinity 



Medium affinity 



High affinity 



Figure 6 Enzyme affinity towards raw samples. CLSM images, roughly 1 mm 2 , of raw leaves (A) and stems (B) incubated with a fluorescently 
labelled endoglucanase (1) and exoglucanase (2). Enzyme adhesion is not quantitatively comparable, only relative. Blue colour indicates off-scale 
high adhesion. Note the relatively high affinity to parenchyma cells and low affinity to epidermal cells that cover the stem rind and both sides of 
the leaf. 



Hydrothermal pretreatment changes cell wall pro- 
perties so that cellulases used in this experiment ad- 
here significantly more to epidermal cells. Figure 5A2 
suggests that the accessible surface area of paren- 
chyma cells might have been significantly reduced by 
the presence of droplets, interpreted as extracted and 
re-deposited lignin, which hinder enzyme access and 
adhesion to the cell wall. To visualise the level of 
enzyme binding to lignin, enzymatically purified lig- 
nin, i.e. cellulolytic lignin (CL), was incubated with 
the same fluorescently labelled enzymes. As seen in 
Figure 8, the emission signal needed significant en- 
hancement for any adhesion to be detected, indicating 
that enzyme binding to lignin only is negligible com- 
pared to tissues in general. Other studies also con- 
clude that cellulase adhesion to lignin is negligible 
[59] and that it has minimal effects on overall conver- 
sion yields [65,66]. Cell type specific enzyme adhesion 
during wheat straw degradation has to our knowledge 
barely been addressed and the exact cause can only 
be speculated. 



Sugar yield 

Lab-scale pretreated leaves had the highest glucan con- 
version after 23 h of enzymatic hydrolysis using Cellic 
CTec2, equal to approximately 38% of the theoretical 
content (see Figure 9). Next to leaves, industrially 
pretreated wheat straw had 24-29% glucan conversion 
depending on severity factor (SF) [67]. Lab-scale pre- 
treated stems only had 16% on average. The average SF 
for both lab-scale and industrially pretreated samples 
was within the same range, i.e. 3.93 and 3.54-4.02 res- 
pectively. The low digestibility of stems correlates with 
the relatively intact tissues after lab-scale pretreatment 
[19] which hinders enzyme access during hydrolysis [5]. 
Also, when comparing raw and pretreated samples in 
Table 1 and Figure 3, lab-scale pretreatment caused less 
chemical and physical changes than industrial pretreat- 
ment. Despite that, industrially pretreated samples were 
still less digestible than lab-scale pretreated leaves even 
when treated at slightly higher severities. Whole wheat 
straw consists of more than 80% w/w stem [68] and 
when baled, some of the dry and volatile leaf material is 
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Figure 7 (See legend on next page.) 
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(See figure on previous page.) 

Figure 7 Enzyme affinity towards pretreated samples. CLSM images of lab-scale pretreated wheat leaves (1, 2), stems (3, 4) and industrially 
pretreated wheat straw (5, 6) incubated with a fluorescently labelled endoglucanase (1, 3, 5) or exoglucanase (2, 4, 6) showing the level of 
adhesion to fiber (A), epidermal (B) and parenchyma (C) cells. In order to facilitate comparison, all images were taken with the same objective 
(lOx) and setting of laser intensity (20%) and gain (500 V). Blue indicates off-scale high adhesion. Images were taken at the level where the 
emission intensity was highest for the cell type of interest. Note the high affinity to epidermal cells compared to fibers and parenchyma cells 
after pretreatment. 



lost. This implies that industrially pretreated samples 
tissue-wise mostly consist of stems. Compared to other 
investigations of enzymatic conversion of wheat straw 
[22,36] and corn stover [69], our conversions are very 
low. This was expected though, as neither enzyme dos- 
age, DM content nor residence time was optimised in 
this study. 

As mentioned earlier, epidermal tissues in wheat straw 
are covered by a protective layer of cutin and waxes. Yet 
when dewaxed by chloroform and air-dried at 65°C, no 
significant differences in glucan conversions could be 
seen (data not shown). To rule out the possibility of 
drying-induced hornification, another set of samples 
were washed in ethanol and subsequently water (see 
below) immediately after dewaxing. But, these samples 
also showed either negligible or outright negative effects 
on the sugar yield (see Figure 10). 

The most striking effect of industrial scale hydrother- 
mal pretreatment is the tissue disruption and reduction 



of particle size from tissues into individual cells, most 
likely one of the reasons why industrially pretreated 
samples are more digestible than lab-scale pretreated 
stems. However, significant chemical differences were 
also found by compositional and IR analyses, showing 
hemicellulose removal to be much more effective during 
industrial pretreatment. So whether structural integrity 
or chemical composition affect sugar yield the most still 
require further investigations. Our results showed in- 
creased enzyme adhesion to epidermal cells after hydro- 
thermal pretreatment but no increase in conversion 
yields upon dewaxing; perhaps the fraction of epidermal 
cells is too small to influence the overall sugar yield. 
More investigations are needed to clarify this issue. 

Conclusions 

Lab-scale pretreated wheat leaves had significant amounts 
of surface aliphatic compounds stemming from cutin and 
waxes while whole wheat straw, industrially pretreated at 
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Figure 8 Enzyme affinity towards purified lignin. LM (1) and CLSM images (2, 3) of purified lignin incubated with a fluorescently labelled 
endoglucanase (A) or exoglucanase (B). Each row shows one identical motive taken with the same objective (4x). CLSM images were captured 
using the same laser intensity of 20% but with different gains, i.e. 500 V (2) and 700 V (3), respectively. Notice that no emission is detected at 
'standard' 500 V, only after a significant increase in gain to 700 V. 



Hansen et al. Biotechnology for Biofuels 2013, 6:54 
http://www.biotechnologyforbiofuels.eom/content/6/1/54 



Page 10 of 15 




Inbicon, had most surface lignin and contained least 
hemicellulose. The removal and extraction of hemicellu- 
lose and lignin, respectively, during pretreatment was also 
most evident in the industrially pretreated samples as 
were structural breakdown of tissues which might have in- 
creased cellulose crystallinity. Despite being structurally 



intact prior to enzymatic hydrolysis, lab-scale pretreated 
leaves had the highest glucan conversion followed by in- 
dustrially pretreated wheat straw. Lab-scale pretreated 
stems had the lowest glucan conversion and were also 
structurally the most intact sample. The observed increased 
adhesion of exoglucanase and endoglucanase to epidermal 
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cells after hydrothermal pretreatment were quantitatively 
insignificant as wax removal had no positive effects on 
enzymatic conversion. Hence, further investigations are 
needed to elucidate whether the increased adhesion is pro- 
ductive or not. According to our findings, the single most 
significant factor determining digestibility seems to be tis- 
sue composition as lab-scale pretreated leaves had the lar- 
gest share of parenchyma cells. 

Methods 

Separated wheat leaves and stems were hydrothermally 
pretreated on lab-scale and structurally and chemically 
analysed together with industrially pretreated wheat straw 
from Inbicon. Samples were then enzymatically hydro- 
lysed, as were dewaxed pretreated samples, and the 
solubilised sugars quantified. Finally, the adhesion of two 
fluorescently labelled monocomponent cellulases to well- 
defined tissues and cell types from all pretreated samples 
was investigated. 

Wheat straw 

Wheat straw for lab-scale pretreatment was collected at 
Tystofte (Denmark) in 2006 and stored at ambient con- 
ditions with a DM content of ca. 90% (% w/w). Wheat 
straw for industrial pretreatment at Inbicon was grown 
in Denmark, dried in the field and stored as bales at am- 
bient conditions. Composition analyses of raw and 
pretreated leaves without sheaths, stems and industrially 
pretreated whole wheat straw were performed in trip- 
licate according to the procedure described by The 
National Renewable Energy Laboratory (NREL) [70]. 

Pretreatment 

For the lab-scale pretreatment, separated raw leaves and 
stems were sectioned into ca. 5 cm pieces and 3 g placed 
in blue cap bottles together with 80 mL demineralised 
water. Each bottle was then placed in a custom made 
high pressure reactor and heated in an oil bath up to 
185°C. The heat-up time was ca. 50 min. Samples were 
further pretreated for 10 min in which the temperature 
inside the chamber would rise to ca. 190-195°C. No 
mechanical disruption of the samples took place during 
the treatment. Upon cooling, samples were stored to- 
gether with the liquid. 

The industrially pretreated samples of whole wheat 
straw were provided by the Inbicon pilot plant in 
Skaerbaek, Denmark. There, the raw material had been 
cut into ca. 5 cm long pieces and soaked in liquid from 
the later pretreatment reactor to a DM content of 20- 
40%. It was then fed to the pretreatment reactor at a rate 
of 50 kg pr. h and mechanically moved via a patented 
sluice system. The hydrothermal pretreatment was per- 
formed at a water-to- straw ratio of 5:1 with a residence 
time of 12 min and temperature at 180-195°C by 



injection of steam. Afterwards, the pretreated material 
was delivered to a screw press and washed with ca. 70°C 
hot water and separated in another screw press into a 
solid fraction with higher DM content, containing more 
than 90% of the cellulose and the majority of the lignin, 
and a liquid fraction, containing the majority of salts and 
solubilised hemicellulose [71]. 

To compare the severity of lab- and industrial scale 
pretreatments, the semi-empirical parameter, the sever- 
ity factor (SF = log(R 0 )), was used. SF is comprised of the 
reaction time (t) in min, the reaction temperature (T) in 
°C and the reference temperature (T re p) in °C, in this 
case 100°C [67]. 



SF = log 10 [7? 0 ] =log 



10 



t -e~ 



The heat-up time for the lab-scale experiments was in- 
cluded by summarizing in five min intervals the time of 
reaction after the temperature exceeded 100°C: 



log 10 [2? 0 ] =log 1 



£r>ioo °c 

I R 0 (t)-At 5) 



De waxing 

A subset of separated lab-scale pretreated leaves, stems 
and Inbicon pretreated wheat straw was washed three 
times in demineralised water prior to Soxhlet extraction 
for 1 h using 350 mL of chloroform as solvent per ca. 
10 g sample. Upon cooling, all samples were washed 
three times in ethanol, six times in demineralised water 
and kept moist until enzymatic hydrolysis. 

Enzymatic hydrolysis 

Enzymatic hydrolysis of lab-scale pretreated leaves and 
stems and Inbicon pretreated samples was performed in 
triplicates, conducted in 50 ml Nunc tubes (http://www. 
thermoscientific.com) at 50°C using Cellic CTec2 
(Novozymes A/S, Bagsvaerd, Denmark). The density and 
specific activity of the enzyme mix was 1.18 g/mL and 
120 FPU/g, respectively and the enzyme dosage adjusted 
to 5 mg enzyme protein (EP) pr. g glucan. DM was ad- 
justed by 0.1 M sodium citrate buffer solution to the 
lowest percentage of all the samples, i.e. 3% equal to that 
of leaves immediately after pretreatment and pH ad- 
justed to 4.7-5.3 by sodium hydroxide. During hydroly- 
sis, the tubes were shaken at 205 rpm. 

Enzymatic hydrolysis of the dewaxed samples was 
performed in triplicates and the DM content adjusted to 
the lowest percentage of all the samples, i.e. 8% equal to 
that of leaves, using 50 mM sodium-citrate buffer, 
pH 4.8. Enzymes were Celluclast 1.5 L and Novozyme 
188 (Novozymes) with a weight ratio of 5:1 and protein 
content of 130 (specific activity 72 FPU/mL) and 
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220 mg/mL, respectively, as measured by the ninhydrin 
protein assay using BSA as reference [72]. The enzyme 
mix was then diluted, resulting in 10 mg protein/g DM 
(specific activity equal to 5 FPU/mL). 0.5 mL was added 
to triplicates of 0.5 g DM from each sample, placed in 
20 mL plastic flasks. Samples were then hydrolysed for 
24 h at 50°C while tumbled [22]. 

The content of mono- and disaccharides after hydroly- 
sis of all the samples (D -glucose, D-xylose, L-arabinose 
and D-cellobiose) was quantified using an Ultimate 
HPLC system (Dionex Corporation, Sunnyvale, CA) 
equipped with a Shimadzu Rl-detector (Shimadzu Cor- 
poration, Kyoto, Japan). The separation was performed 
in a Phenomenex Rezex ROA column (Phenomenex 
Inc., Torrance, CA) at 80°C with 5 mM H 2 S0 4 as eluent 
at a flow rate of 0.6 mL/min. Samples were filtered 
through a 0.22 or 0.45 \im filter and diluted with eluent 
before analysis. The average content of cellobiose and 
glucose in all samples, including that for the compos- 
ition analyses, was summarised as cellulose and the aver- 
age content of xylose and arabinose as hemicellulose. 
Hydration of glucose and cellobiose to cellulose was 
corrected for by a factor of 0.9 and 0.95, respectively and 
for xylose to hemicellulose by a factor of 0.88. 

ATR-FTIR 

Attenuated total reflectance-Fourier transform infrared 
(ATR-FTIR) spectra were obtained in triplicates using a 
ThermoFischer Scientific Nicolet 6700 FTIR spectrom- 
eter (ThermoFischer Scientific, Waltham, MA) equipped 
with a Golden gate ATR accessory (http://www.specac. 
com). Spectra from 4000 to 600 cm" 1 were obtained with 
a 4 cm" 1 resolution, 200 background scans and 100 scans 
for each sample spectrum. Each spectrum was back- 
ground corrected using the standard normal variate 
(SNV) [73]. Lastly, the average of the three SNV 
corrected spectra was calculated for each type of sample. 

Microscopy 

For microscopy analyses, raw wheat straw samples were 
imaged as they were upon storage at ambient conditions; 
lab-scale pretreated samples were washed in demi- 
neralised water and freeze dried directly afterwards while 
the Inbicon pretreated samples were freeze dried as they 
were. 

Prior to SEM imaging, all samples were coated with 
gold/palladium (Au/Pd) by a SC7640 Suto-/Manual High 
Resolution Sputter Coater (Quorum Technologies, 
Newhaven, UK) before imaged with a FEI Quanta 200 
(FEI Company, Eindhoven, The Netherlands) SEM, ope- 
rated at 10-20 kV. 

For AFM imaging, a MultiMode scanning probe mic- 
roscope with a Nanoscope Ilia controller (Veeco Instru- 
ments Inc, Santa Barbara, CA) was used operating in 



TappingMode with an etched silicon probe (MPP-12100, 
Veeco NanoProbe, Santa Barbara, CA). The resonance 
frequency was 150-300 kHz and the scan rate 0.5- 
1.97 Hz. The drive amplitude and amplitude setpoint 
were continually adjusted during scanning to avoid 
artefacts. 

For light microscopy images, 80 \im sections of wheat 
stems were made on a Leica VT 1000S vibratome (Leica 
Microsystems A/S, All Microscopy and Histopathology 
Instrumentation, Ballerup, Denmark) and embedded in 
5% agarose in phosphate buffer, pH 7. Sections were 
then stained with Toluidin Blue [74] for 5 min and 
washed in water 3 times before viewing in a Leica DMR 
fluorescence microscope and fitted with a Leica DC 
300 F camera (both Leica Microsystems A/S, All Micros- 
copy and Histopathology Instrumentation, Ballerup, 
Denmark). The wheat leaf was from an anatomical col- 
lection of plant tissues for teaching, imaged using the 
same Leica microscope. 

The Confocal Laser Scanning Microscope (CLSM) was 
a Leica TCS SP2 (http://www.leica-microsystems.com), 
equipped with a lOx objective, 0.4 NA throughout all the 
experiments. Excitation was performed using a 633 nm 
laser source at 20% power, generally with 500 V gain. 
Emissions were collected between 650-750 nm. For clar- 
ity, some of the images were electronically magnified. This 
did not, however, alter the intensity of the signal signifi- 
cantly (data not shown). Images were colour coded 
according to the intensity of light emission from black 
(none) over brown-red (mediocre) to yellow and white 
(maximum) while blue signified signal overload. An 
exoglucanase (family GH7 from Hypocrea jecorina) and 
an endoglucanase (family GH45 from Humicola insolens) 
were provided by Novozymes, Bagsvaerd, Denmark in 
chromatographically pure form. The enzymes were incu- 
bated overnight with fluorophore Dylight 633™ (Thermo 
Scientific, Rockford, IL) in 0.05 M borate buffer, pH 8.5 at 
4°C. Excess fluorophore was removed via multiple centri- 
fugations in Vivaspin ultrafiltration spin columns (5 K 
MWCO, Sartorius Stedim GmbH, Gottingen, Germany) 
at 4,700 rpm for 15 min until a clear supernatant was 
obtained. At the same time the buffer was exchanged with 
MQ water. A ca. 10" 5 M stock solution of labelled en- 
zymes in MQ water was obtained with a fluorophore to 
protein mole ratio of 1:1 (exoglucanase) and 1.4:1 
(endoglucanase). Prior to use, stock solutions of the 
exoglucanase and endoglucanase were diluted 14 and 20 
times, respectively in a 0.1 M Na- acetate buffer, pH 4.8. 

For transversal microscopic analysis only raw leaf and 
stem could be successfully mounted; lab-scale and in- 
dustrially pretreated samples were too fragile. Slices ca. 
0.3 mm thick were incubated in labelled enzyme solu- 
tion overnight at 4°C and briefly washed with MQ water 
prior to mounting on glass slides. Glass slides with a 
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depression in the middle were used to facilitate mount- 
ing of thick specimens. For longitudinal microscopic 
analysis, both raw and pretreated samples were dissected 
and incubated in enzyme solution overnight at 4°C Fol- 
lowing a brief washing with MQ water, selected tissues 
were mounted. 

The CL derived from processed wheat straw from the 
Inbicon plant, further purified by enzymatic hydrolysis by 
75 FPU/g DM Celluclast:NZ188 (5:1) (Novozymes A/S) in 
50 mM sodium-citrate buffer while stirred in an incubator 
at 50°C for 72 h. The precipitate was then separated and 
cleansed by three repetitions of centrifugation and wash- 
ing in MQ water. The precipitate was afterwards added 
3 \iL alcalase (Novozymes A/S) per mL of 100 mM 
sodium-citrate buffer, pH 7 at 5% DM, stirred in an incu- 
bator at 50°C for 20 h and cleansed by three repetitions of 
centrifugation and washing in MQ water. Both steps 
(adding cellulases followed by alcalases) were performed 
three times. The microscopic analysis was then performed 
as described above. 

Abbreviations 

AFM: Atomic force microscopy; ATR-FTIR: Attenuated Total Reflectance- 
Fourier Transform Infrared; CBH: Cellobiohydrolase; CBM: Cellulose binding 
module; CD: Catalytic domain; CL: Cellulolytic lignin; CLSM: Confocal laser 
scanning microscopy; DM: Dry matter; DP: Degree of polymerisation; 
EG: Endoglucanase; EP: Enzyme protein; LM: Light microscopy; 
SEM: Scanning electron microscopy; SF: Severity factor. 

Competing interests 

Co-author KSJ is an employee at Novozymes A/S and supplied the 
monocomponent enzymes for the CLSM studies; KKM and MDJ are 
employees at DONG Energy A/S and supplied the Inbicon pretreated 
material. The rest of the authors declare they have no competing interests 
regarding this paper. 

Authors' contributions 

MATH provided experimental coordination, performed lab-scale 
pretreatments, dewaxing, enzymatic hydrolyses and chemical composition 
analyses, including HPLC, and performed LM, SEM and AFM imaging and 
contributed in collecting CLSM images. BJH incubated the enzymes with 
fluorescent markers, performed CLSM imaging and participated in continual 
manuscript revisions. KKM and MDJ performed enzymatic hydrolyses and 
following HPLC analysis and participated in manuscript revisions. BJ 
performed LM imaging, checked plant anatomy concepts and made 
manuscript revisions. KSJ delivered the enzymes used for CLSM analysis, 
identified the fluorescent markers used in the experiments and provided 
manuscript revisions. LGT provided IR-analyses, experimental coordination 
and design and substantial manuscript revisions throughout the whole 
process. All authors have read and approved the final manuscript. 

Acknowledgements 

The authors would like to thank Novozymes A/S for funding and providing 
enzymes. All CLSM imaging was carried out at the Center for Advanced 
Bioimaging at the University of Copenhagen. For help using the SEM and 
LM microscopes, we thank Alexander Schultz and Michael Hansen from the 
Department of Plant Biology and Biotechnology, University of Copenhagen. 
For providing the CL, we thank Jane Lindedam and finally for invaluable 
help using our HPLC systems, we also thank PhD student David Cannella. 

Author details 

forest and Landscape, University of Copenhagen, Rolighedsvej 23, 
Frederiksberg C DK-1958, Denmark. 2 lnbicon A/S, Kraftvaerksvej 5, Skaerbaek, 
Fredericia DK-7000, Denmark, department of Agriculture and Ecology/ 
Department of Plant and Environment Sciences, University of Copenhagen, 



Thorvaldsensvej 40, Frederiksberg C DK-1871, Denmark. 4 Novozymes A/S, 
Krogshojvej 36, Bagsvaerd, Denmark. 

Received: 18 November 2012 Accepted: 10 April 2013 
Published: 16 April 2013 

References 

1. Anderson WF, Akin DE: Structural and chemical properties of grass 
lignocelluloses related to conversion for biofuels. J Ind Microbiol 
Biotechnol 2008, 35:355-366. 

2. Chen HZ, Li HQ, Liu LY: The inhomogeneity of corn stover and its effects 
on bioconversion. Biomass Bioenerg 201 1, 35:1940-1945. 

3. Hendriks ATA/VM, Zeeman G: Pretreatments to enhance the digestibility of 
lignocellulosic biomass. BioresourTechnol 2009, 100:10-18. 

4. Jorgensen H, Kristensen JB, Felby C: Enzymatic conversion of 
lignocellulose into fermentable sugars: challenges and opportunities. 
Biofuels Byproducts & Biorefining-Biofpr 2007, 1:1 19-134. 

5. Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple M, et al: Features 
of promising technologies for pretreatment of lignocellulosic biomass. 
Bioresour Technol 2005, 96:673-686. 

6. Talebnia F, Karakashev D, Angelidaki I: Production of bioethanol from 
wheat straw: An overview on pretreatment, hydrolysis and fermentation. 
Bioresour Technol 2010, 101:4744-4753. 

7. Raven PH, Evert RF, Eichhorn SE: The Angiosperm Plant Body: Structure 
and Development. In Biology of Plants. 7th edition. New York, New York: 
W.H. Freeman and Company/Worth Publishers; 2007:510-527. 

8. Rost TL, Barbour MG, Stocking CR, Murphy TM: The Shoot System I: The 
Stem. In Plant Biology. Davis, California: Wadsworth Publishing Company; 
1998:85-104. 

9. Carpita N, McCann M: The Cell Wall. In Biochemistry & Molecular Biology of 
Plants. Edited by Buchanan BB, Gruissem W, Jones RL. Rockville, Maryland: 
American Society of Plant Physiologists; 2000:52-109. 

10. da Luz BR: Attenuated total reflectance spectroscopy of plant leaves: a 
tool for ecological and botanical studies. New Phytol 2006, 172:305-318. 

1 1 . Rost TL, Barbour MG, Stocking CR, Murphy TM: The Shoot System II: The 
Form and Structure of Leaves. In Plant Biology. Davis, California: 
Wadsworth Publishing Company; 1998:105-119. 

12. Taiz L, Zeiger E: Plant and Cell Architecture. In Plant Physiology. 2nd 
edition. Sunderland, Massachusetts: Sinauer Associates, Inc., Publishers; 
1998:3-34. 

13. Donaldson L, Hague J, Snell R: Lignin distribution in coppice poplar, 
linseed and wheat straw. Holzforschung 2001, 55:379-385. 

14. Epstein E: Silicon. Annu Rev Plant Phys 1 999, 50:641 -664. 

15. Ma JF: Role of silicon in enhancing the resistance of plants to biotic and 
abiotic stresses. Soil Sci Plant Nutr 2004, 50:1 1 -1 8. 

16. Grenet E, Jamot J, Fonty G, Bernalier A: Kinetic study of the degradation of 
wheat straw and maize stem by pure cultures of anaerobic rumen fungi 
observed by scanning electron microscopy. Asian-Austral J Anim 1989, 
2:456-457. 

1 7. Horn GW, Zorrillarios J, Akin DE: Influence of stage of forage maturity and 
ammoniation of wheat straw on ruminal degradation of wheat forage 
tissues. Anim Feed Sci Technol 1989, 24:201-218. 

18. Song Y, Shimojo M: Morphological study by scanning electron 
microscopy of rumen degradation of wheat straw treated with ammonia 
and sulphur dioxide. Asian-Austral J Anim 1993, 6:265-270. 

19. Hansen MAT, Kristensen JB, Felby C, Jorgensen H: Pretreatment and 
enzymatic hydrolysis of wheat straw (Triticum aestivum L.) - The impact 
of lignin relocation and plant tissues on enzymatic accessibility. Bioresour 
Technol 2011, 102:2804-2811. 

20. Bansal P, Vowell BJ, Hall M, Realff MJ, Lee JH, Bommarius AS: Elucidation of 
cellulose accessibility, hydrolability and reactivity as the major 
limitations in the enzymatic hydrolysis of cellulose. Bioresour Technol 
2012, 107:243-250. 

21 . Himmel ME, Ding SY, Johnson DK, Adney WS, Nimlos MR, Brady JW, et al: 
Biomass recalcitrance: engineering plants and enzymes for biofuels 
production. Science 2007, 315:804-807. 

22. Jorgensen H, Vibe-Pedersen J, Larsen J, Felby C: Liquefaction of 
lignocellulose at high-solids concentrations. Biotechnol Bioeng 2007, 
96:862-870. 

23. Kristensen JB, Felby C, Jorgensen H: Determining yields in high solids 
enzymatic hydrolysis of biomass. Appl Biochem Biotechnol 2009, 1 56:557-562. 



Hansen et al. Biotechnology for Biofuels 2013, 6:54 
http://www.biotechnologyforbiofuels.eom/content/6/1/54 



24. Kumar R, Singh S, Singh 0V: Bioconversion of lignocellulosic biomass: 
biochemical and molecular perspectives. J Ind Microbiol Biotechnol 2008, 
35:377-391. 

25. Qi B, Chen X, Su Y, Wan Y: Enzyme adsorption and recycling during 
hydrolysis of wheat straw lignocellulose. Bioresour Technol 201 1, 

102:2881-2889. 

26. Srisodsuk M, Reinikainen T, Penttila M, Teeri TT: Role of the interdomain 
linker peptide of trichoderma-reesei cellobiohydrolase-l in its interaction 
with crystalline cellulose. J Biol Chem 1993, 268:20756-20761. 

27. Beckham GT, Matthews JF, Bomble YJ, Bu LT, Adney WS, Himmel ME, et al: 
Identification of amino acids responsible for processivity in a family 1 
carbohydrate-binding module from a fungal cellulase. J Phys Chem B 
2010, 114:1447-1453. 

28. Jargensen H, Morkeberg A, Krogh KBR, Olsson L: Production of cellulases 
and hemicellulases by three Penicillium species: effect of substrate and 
evaluation of cellulase adsorption by capillary electrophoresis. Enzyme 
Microb Technol 2005, 36:42-48. 

29. Palonen H, Tjerneld F, Zacchi G, Tenkanen M: Adsorption of Trichoderma 
reesei CBH I and EG II and their catalytic domains on steam pretreated 
softwood and isolated lignin. J Biotechnol 2004, 107:65-72. 

30. Kristensen JB, Borjesson J, Bruun MH, Tjerneld F, J0rgensen H: Use of 
surface active additives in enzymatic hydrolysis of wheat straw 
lignocellulose. Enzyme Microb Technol 2007, 40:888-895. 

31. Mansfield SD, Mooney C, Saddler JN: Substrate and enzyme characteristics 
that limit cellulose hydrolysis. Biotechnol Progress 1999, 15:804-816. 

32. Ramos LP, Nazhad MM, Saddler JN: Effect of enzymatic hydrolysis on the 
morphology and fine structure of pretreated cellulosic residues. Enzyme 
Microb Technol 1993, 15:821-831. 

33. Scheller HV, Ulvskov P: Hemicelluloses. Annu Rev Plant Biol, Vol 61 2010, 
61:263-289. 

34. Haygreen JG, Bowyer JL: Composition and structure of wood cells. In 
Forest Products and Wood Science - an introduction. 3rd edition. Ames, Iowa: 
Iowa State University Press; 1996:41-56. 

35. Heitz M, Capek-Menard E, Koeberle PG, Gagne J, Chornet E, Overend RP, 
et al: Fractionation of Populus tremuloides at the pilot plant scale: 
Optimization of steam pretreatment conditions using the STAKE II 
technology. Bioresour Technol 1991, 35:23-32. 

36. Huijgen WJJ, Smit AT, de Wild PJ, den Uil H: Fractionation of wheat straw 
by prehydrolysis, organosolv delignification and enzymatic hydrolysis for 
production of sugars and lignin. Bioresour Technol 2012, 1 14:389-398. 

37. Albersheim P, Darvill A, Roberts K, Sederoff R, Staehelin A: Cell Walls and 
Plant Anatomy; Biochemistry of the Cell Wall Molecules. In Plant Cell 
Walls - from Chemistry to Biology 1st edition. New York: Taylor & Francis 
Group; 2011:1-42-67-118. 

38. Merk S, Blume A, Riederer M: Phase behaviour and crystallinity of plant 
cuticular waxes studied by Fourier transform infrared spectroscopy. 
Planta 1998, 204:44-53. 

39. Kristensen JB, Thygesen LG, Felby C, Jorgensen H, Elder T: Cell-wall 
structural changes in wheat straw pretreated for bioethanol production. 
Biotechnol Biofuels 2008, 1:5. 

40. Faix O: Classification of Lignins from Different Botanical Origins by Ft-lr 
Spectroscopy. Holzforschung 1991, 45:21-27. 

41 . Selig MJ, Viamajala S, Decker SR, Tucker MP, Himmel ME, Vinzant TB: 
Deposition of lignin droplets produced during dilute acid pretreatment 
of maize stems retards enzymatic hydrolysis of cellulose. Biotechnol 
Progress 2007, 23:1333-1339. 

42. Teixeira LC, Linden JC, Schroeder HA: Simultaneous saccharification and 
cofermentation of peracetic acid-pretreated biomass. Appl Biochem 
Biotechnol 2000, 84-6:111-127. 

43. Palmqvist E, Hahn-Hagerdal B: Fermentation of lignocellulosic 
hydrolysates. II: inhibitors and mechanisms of inhibition. Bioresour 
Technol 2000, 74:25-33. 

44. Hsu TA, Ladisch MR, Tsao GT: Alcohol from Cellulose. Chemtech 1980, 
10:315-319. 

45. Donohoe BS, Decker SR, Tucker MP, Himmel ME, Vinzant TB: Visualizing 
lignin coalescence and migration through maize cell walls following 
thermochemical pretreatment. Biotechnol Bioeng 2008, 101:913-925. 

46. Li N, Liu H, Fu S, Chen S: Cell-type-dependent enzymatic hydrolysis of 
palm residues: chemical and surface characterization of fibers and 
parenchyma cells. Biotechnol Lett 2013, 35:213-218. 



Page 14 of 15 



47. Wang Y, Leppanen K, Andersson S, Serimaa R, Ren H, Fei B: Studies on the 
nanostructure of the cell wall of bamboo using X-ray scattering. Wood 
Sci Technol 2012, 46:317-332. 

48. Zhao XB, Zhang LH, Liu DH: Biomass recalcitrance. Part I: the chemical 
compositions and physical structures affecting the enzymatic 
hydrolysis of lignocellulose. Biofuels Bioproducts & Biorefining-Biofpr 2012, 
6:465-482. 

49. Larsen J, Petersen MO, Thirup L, Li HW, Iversen FK: The IBUS process - 
Lignocellulosic bioethanol close to a commercial reality. Chem Eng 
Technol 2008, 31:765-772. 

50. Chen YM, Wang Y, Wan JQ, Ma YW: Crystal and pore structure of 
wheat straw cellulose fiber during recycling. Cellulose 2010, 
17:329-338. 

51. Fernandes Diniz JMB, Gil MH, Castro JAAM: Hornification - its origin and 
interpretation in wood pulps. Wood Sci Technol 2004, 37:489-494. 

52. Wan JQ, Wang Y, Xiao Q: Effects of hemicellulose removal on cellulose 
fiber structure and recycling characteristics of eucalyptus pulp. Bioresour 
Technol 2010, 101:4577-4583. 

53. Luo XL, Zhu JY, Gleisner R, Zhan HY: Effects of wet-pressing-induced fiber 
hornification on enzymatic saccharification of lignocelluloses. Cellulose 
2011, 18:1055-1062. 

54. Akin DE: Plant cell wall aromatics: influence on degradation of biomass. 
Biofuels Bioproducts & Biorefining-Biofpr 2008, 2:288-303. 

55. Divne C, Stahlberg J, Reinikainen T, Ruohonen L, Pettersson G, Knowles 
JKC, et al: The 3-dimensional crystal-structure of the catalytic core of 
cellobiohydrolase-l from trichoderma-reesei. Science 1994, 
265:524-528. 

56. Henrissat B, Driguez H, Viet C, Schulein M: Synergism of cellulases from 
trichoderma-reesei in the degradation of cellulose. Bio-Technology 1985, 
3:722-726. 

57. Zhang YHP, Lynd LR: Toward an aggregated understanding of enzymatic 
hydrolysis of cellulose: Noncomplexed cellulase systems. Biotechnol 
Bioeng 2004, 88:797-824. 

58. Jung H, Wilson DB, Walker LP: Binding and reversibility of Thermobifida 
fusca Cel5A, Cel6B, and Cel48A and their respective catalytic domains to 
bacterial microcrystalline cellulose. Biotechnol Bioeng 2003, 84:151-159. 

59. Ding SY, Liu YS, Zeng Y, Himmel ME, Baker JO, Bayer EA: How does plant 
cell wall nanoscale architecture correlate with enzymatic digestibility? 
Science 2012, 338:1055-1060. 

60. Barnes JD, Brown KA: The influence of ozone and acid mist on the 
amount and wettability of the surface waxes in Norway spruce [Picea 
abies (L.) Karst.]. New Phytol 1990, 1 14:531-535. 

61. Barnes JD, Davison AW, Booth TA: Ozone accelerates structural 
degradation of epicuticular wax on Norway spruce needles. New Phytol 
1988, 110:309-318. 

62. Percy KE, Jensen KF, McQuattie CJ: Effects of ozone and acidic fog on red 
spruce needle epicuticular wax production, chemical composition, 
cuticular membrane ultrastructure and needle wettability. New Phytol 

1992, 122:71-80. 

63. Wiman M, Dienes D, Hansen MAT, van der Meulen T, Zacchi G, Liden G: 
Cellulose accessibility determines the rate of enzymatic hydrolysis of 
steam-pretreated spruce. Bioresour Technol 2012, 126:208-215. 

64. Barsberg S, Selig M, Felby C: Impact of lignins isolated from pretreated 
lignocelluloses on enzymatic cellulose saccharification. Biotechnol Lett 
2013, 35:189-195. 

65. Ouellette RJ: Lipids. In Organic Chemistry - a Brief Introduction. 2nd edition. 
Edited by Challice J, Corey PF, BozikT. Upper Saddle River, New Jersey: 
Prentice-Hall, Inc; 1998:367-388. 

66. Hwang KT, Cuppett SL, Weller CL, Hanna MA: Properties, composition, and 
analysis of grain sorghum wax. J Am Oil Chem Soc 2002, 79:521-527. 

67. Overend RP, Chornet E, Gascoigne JA: Fractionation of lignocellulosics by 
steam-aqueous pretreatments [and discussion]. Philos T Roy Soc A 1987, 
321:523-536. 

68. Lindedam J, Andersen SB, DeMartini JD, Bruun S, Jorgensen H, Felby C, 

et al: Cultivar variation and selection potential relevant to the production 
of cellulosic ethanol from wheat straw. Biomass and Bioenergy 201 1, 
37:221-228. 

69. Ohgren K, Bura R, Saddler J, Zacchi G: Effect of hemicellulose and lignin 
removal on enzymatic hydrolysis of steam pretreated corn stover. 

Bioresource Technol 2007, 98:2503-2510. 



Hansen et al. Biotechnology for Biofuels 2013, 6:54 
http://www.biotechnologyforbiofuels.eom/content/6/1/54 



Page 15 of 15 



70. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, et al: 
Determination of Structural Carbohydrates and Lignin in Biomass. Laboratory 
Analytical Procedure (LAP). Golden, CO, USA: National Renewable Energy 
Laboratory (NREL); 2008. 

71. Petersen M0, Larsen J, Thomsen MH: Optimization of hydrothermal 
pretreatment of wheat straw for production of bioethanol at low water 
consumption without addition of chemicals. Biomass Bioenerg 2009, 
33:834-840. 

72. Tu MB, Chandra RP, Saddler JN: Recycling cellulases during the hydrolysis 
of steam exploded and ethanol pretreated lodgepole pine. Biotechnol 
Progress 2007, 23:1130-1137. 

73. Barnes RJ, Dhanoa MS, Lister SJ: Standard normal variate transformation 
and de-trending of near-infrared diffuse reflectance spectra. Appl 
Spectrosc 1989, 43:772-777. 

74. O'Brien TP, Feder N, McCully ME: Polychromatic staining of plant cell walls 
by toluidine blue 0. Protoplasma 1964, 59:368-373. 



doi:1 0.1 186/1 754-6834-6-54 

Cite this article as: Hansen et al.: Enzyme affinity to cell types in wheat 
straw {Triticum aestivum L.) before and after hydrothermal pretreatment. 

Biotechnology for Biofuels 2013 6:54. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at (^\ RiftMM i rpntral 

www.biomedcentral.com/submit \^ ™omea centra I 



